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3
“Wires of various metals were exploded in a steam acnosphere. ‘The "metals--

investigated were aluminum, magnesium, tantalum, zirconium, and pyrofuze.

Exploding wires generated numerous hot, small partic\\les. Using photography,

the burning time and particle sizes were measured. 'fip{cal results are as

follows: 125 * 25 micron diameter aluminum burng in 3.8 £ .75 ms; 175 + 35
N 7

micron diameter magnesium burns in 3.8 * .75 ms; 1257 25 micron diameter

zirconium in 25 to 31 ms; 125 + 25 micron diameter tantalum in 24 to 50 ms;

and 125 £ 25 micron pyrofuze in 30 to 50 ms. The atmosphere was pure

saturated steam at approximately 20 psig. O ‘( \ (t r\‘\r(\‘ P
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I. INTRODUCTION
‘The energy released by metals burning in steam has several important
applications including torpedo propulsion, nuclear reactor safety, underwater

vehicles, underwater ordnance, etc.

This report continues the studies that were performed by Hallenbeck‘%ii;\

and Kol, Fuhs and Betger~¥§4 which are related to underwater shaped charge
investigations.

V:investigation of burning time of aluminum, magnesium, tantalum, zirconium
and pyrofuze particles in steam were rarely found in the literature.

Leibowitz et. al., [3] ignited aluminum particles of diameter of 360 m
in water and steam by laser beam and measured the burning-time of the reacting
particles. In the cases of low amount of reaction (T=25°C, P=0,03 ATM where
T and P are the water temperature and pressure, respectively) the burning-
time was 5 to 10 ms. In the cases of complete reaction (T=100°C, 181°C and
P=1, 10 ATM respectively) long burning times of 213 ms were measured. The
amount of reaction is according to amount of alumina formation,

Cassel et. al., [4] measured the burning time of magnesium particles at
atmospheric pressure with 0y, air, premixed 209 + 8 Ar and 207 + 8He at 1200K
ambient temperature and found that 120 um particles burned 16.8 ms in air,
15,75 ms in 209 + 8 Ar and 11.5 m in 202 + 8He . The burning-time in 09
was one tenth that in air.

Pruchukho et. al., [5] measured the burning time of magnesium particles
in dlameter from 34 to 184 um and in ambient temperature of 1800°C. For the
particles of 90 ym at 1 ATM in water vapor, the burning time of 1 ms was
obtained while in mixture of 35Z7H70 and 65%ZN; at 1 ATM and ambient temperature

from 1050°C to 1150°C, the burning time was 2 ms. For particles of 180 im the

burning time was 16 ms in the same mixture.
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Ozerov et. al., [6] measured the burning time for aluminum and magnesium
in 1800°C water vapor. The burning time in 1 ATM for 120 im aluminum-
particles was 18 ms and for 165 ym magnesium particles was 12 ms. The burning

time of 148 ym aluminum particles in 3 ATM was 30.5 ms.

ALS S R AR e

Nelson et. al., [7] measured the burning time of 525 m zirconium
particles in mixtures of 0y, He/O2 and Ar/O2 at 0.82 ATM and found 200 ms for
65%He + 35%02 and even longer burning time for 654 Ar + 357%0,. ]

Harrison {8] measured burning velocities of zirconium wires of 1 and i
0.5 mn diameter in atmospheric pressure and mixtures of air and oxygen and
found burning time longer than magnesium. !

Data for burning time was not found for tantalum and pyrofuze particles.
This report summarizes the burning time measurements and particle size
measurements for aluminum, magnesium, zirconium, tantalum and pyrofuze

burning in steam. L
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II. EXPERIMENTAL

.th A. Experimental Procedure ' : ' -

[~ . The experiments were conducted in pressure vessel which consisted of
X a twelve inch high stainless steel cylinder, 10.75 inches diameter with four ]
evenly spaced, 5 inch diameter observation ports welded into its

circumference. One inch thick. Schlieren quality, borosicalate crown glass

‘i: (BK-7) was installed in each port. Two Watlow Band Heaters were used to heat

.:: the apparatus to operating temperature and four additional Watlow Heaters were
ifﬁ mounted on observation ports in order to prevent steam condensation during

;2 experiments. An Omega model 157 Digital Controller was used for temperature 1
::: stablilization. The experimer:s were conducted in pressure range of 20 to 35

¥i: psi and steam temperature of 180°C. Thermocouples were mounted in different |
»éﬁ locations inside the chamber to measure the internal temperature.

- The aluminum, magnesium, tantalum, zirconium and pyrofuze particles were
{}: generated by the exploding wire technique., The 5 cm length wire was mounted i
{;é between two holders and the ignition energy transferred to the ﬁire. g
i:; Particle burning time was measured using Pentax 35 mm still camera

lﬁi equipped with high speed light chopper (see Figure 1). Kodak ektachrome 200

tj: ASA film, 400 ASA TRI-X PAN film and Polaroid 40 ASA film were used for
!:% photography of the time events along particle tracks. l
B, High Speed Light Chopper :
’i; The light chopper was assembled from an Universal Electric Company d
:; motor and a 8 inch diameter balanced disc. The motor speed after loading was g
%é 6500 RPM, and the chopping frequency was increased by using fifteen 1l inch {
EE . diameter holes around the circumference of the disc. The on-off ratio of the

ﬂi, chopping was designed to be 67 percent on time and 33 percent off-time. The

E; chopping time is calculated as follows: :

3
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T} chopping = EEBEE%'T? = 0,62 [ms] (for 15 holes) %
T2 chopping = 650063 v 0.77 [ms] (for 12 holes) :

where T and T2 are the chopper periods for 15 and 12 holes respectively. A
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Figure 1. Photography with High Speed Chopper
a. High Speed Light Chopper

b, 35 mm Pentax Camera
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Cs The Quenching Technique for Particle Size Measurement

v
Bty
T

The diameter of the particles was measured by comparing the
quenched particles to standard wires. The quenching technique for the

burning particles is shown in Figure 2.

Figure 2. The Quenching Technique Configuration for Parﬁicle Quenching
| a. Particle angular filter made of teflon plate

b. An aluminum foil impact suppressor

ce. The aluminum foil holders

d. Stainless steel collector plate (smeared with silicon
grease).

The aluminum foil was assembled at a distance 29 = 0.5 mm below the wire while

-2 the plate was assembled 35 £ 0.5 om below the wire.
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III. RESULTS
A, Burning Time Measurement
The experimental conditions of burning time measurements are
summarized in Table 1. In the following tests, the 55 mm focal length lens
was used. Representative photographs of burning time experiments are shown

in Figure 3 through Figure 7.

B. Distribution Functions of Burning Time

The distribution functions of burning time results of aluminum,
zirconium, magnesium, tantalum and pyrofuze particles are shown in Figure 8.
The burning time of aluminum particles is less than 27 ms where the maximum of
the distribution function is for 3.75 ms., The burning time of magnesium
particles is less than 14 ms, and the maximum of the distribution function is
3.75 ms,

The burning time of zirconium particles is from 6.5 to 39.5 ms and
the maximum of the distribution function is from 25 to 30 ms. The burning
time for tantalum particles is longer than that of zirconium particles and is
from 9.5 to 91 ms. The distribution function is quite uniform where the
maximum is from 24 to 28 ms. The burning time of pyrofuze particles is from
12 to 97 ms and the maximum of an almost uniform distribution function is from
30 to 50 ms. The total number of the particles tracks that were analyzed
for different metals were as follows: 40 tracks of aluminum, 22 tracks of

pyrofuze, 21 tracks of magnesium and zirconium and 18 tracks of tantalum.
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TABLE | Burning Time Measurement

s —

“TEST FILM f |PRES,|IEMP, ABURNING TIME *FLAME ZONE WIDTH
NUMBER| METAL  |[ASA]|NUMBER|[PSI]| [F] __(ws] _[mm]
1 Alumdinum 40 2.4 |25 0 N/A N/A
2 |Aluminum | 40 | 2.8 [27.5 | 365 [6.1,3.1 2.15,1.3
3 [Aluminum | 40 | 2.8 |22.5 | 360 (8.5 2.8
16 |Alumioum [200 | 5.6 |22 370 N/A N/&
17 |[Alumioum [200 | 5.6 |27 0 N/A N/A
18  [Alumdoum |200 | 5.6 380 N/A N/A
19 |Aluminum 200 | 5.6 [20 390 [3.6,3.6,3.05,4.3, e78,.78,461,.26,.78,1.04
4,9,13.4,15.9,4.3 1.04,.78
36 [Aluminum [200 | 5.6 |34 380 [647,10.2,6.7,>15 0.95,0.95,.78,1.56
37 [Aluminum |400 g8 |21 360 [747,6e2,544,329,649 e73,.66,.66,.55,.66
“38  |Aluminum (400 3 (20 360 |14.6,2.7,27,10.8, 06,1.11,1.02,0.6,.37
39 [Aluminum (400 8 |22 390 3:3,15.6,7.7.3.9.5.6.7.7 0.56,1,02,,74,.28,.28,
10.8,5.4,4.6,3.9,4.6 +65,.83,.47,.37,.55,.46
%0 |Aluminum 400 | 8 20 | 380 NA T oW
54 [Aluminum |400 8 |22 340 [446,2.3,3.1,3.5 +49,.39,.29,.29
4 |Magnesium | 40 | 2.4 |21 400 [7.9,3.7,3.7,2.4 3.2,1.5,2.6,1.7
5 Magnesium | 40 2.4 [27.5 | 370 [7.3,2.4 3,4.5,2.6
6  |Magoesium | 40 | 2.8 |25 400 |7.3,3.1 3,1.7
7 |Magoesium | 40 | 2.8 |23 %00 N/A E1LY
20 [Magnesium |200 5.6 |20 390 "N/A N/A
21  |Magnesium (200 | 5.6 (17 380 [4.3,347,3.1 .78,.69,.69
22 |Magnesium [200 | 5.6 |20 370 [7.3,6.1,9.8 .78,1.04,1.12
23 [Magnesium (200 | 5.6 |27 380 [6.1,2.4 0.86,0.78
41 [Magnesium [400 8 |22 370 N/A “N/A
42 |Magnesium [400 3 |20 400 N/A — N/A
43 |Magnesium [400 ) 24 390 4.6 o7
55 |Magnesium |400 8 |20 380 | N/A N/A
56  |Magnesium 400 8 (22 350 3.1,2.3.3.9.13.9,6.93, 652i.65,.75.o.74.o.ss,

», W,
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“TEST FILM tT |PRES.|TEMP.| *BURNING TDMGE | *FLAME ZONE WIDTH
NUMBER| METAL |{ASA]|NUMBER|([PSI]| (F] (ms] (o]
8 |Zirconlum | 40 | 9.5 |27 400 [23.8 0.43
9 [Zirconium | 40 8 |35 %00 WA ~ N/A
2% |Zirconium 200 |16 33 %00 [33.6927.5,31.7,3107,2001]06,083,.51,0.6,.48,.34,
20.7,26.4 .43
25 Zirconium [200 |16 + %00 (9.2,17.1,34.2 <34,425,+6
ND 0.3
26 Zirconium |200 |16 + (22 400 N/A N/A
ND 0.3 _ _
27 Z{rconiuam [200 {16 + |21 90 N/A N/A
ND 0.3 _
%% Zirconium |400 |16 + |36 | 380 N/A N/A
ND 0.3
%5 Zirconium |400 |16 + |21 390 [23.9,6.2 .18,.18
ND 0.3
46 |Zircondum [400 [16 + |34 %00 |%0,31.5,15.4 226,+26,.18
ND 0.3
%7 Zirconium [400 |16 + 390 N/A N/A
ND 0.3
48  |Zirconium |400 [16 + |30 380 [12.3 .18
ND 0.3
57  |Zirconium |400 [16 + |24 370 [21.6,10.8,8.5,12.3 0.22,.18,.13,.18
ND 0.3
38 Zirconium |400 [16 + |27 390 N/A N/A
ND 0.3
10  |Tantalum | 40 8 [27.5 | 400 |>35 0.66
11 Tantalum | 40 8 |26 400 N/A N/A
12 |Tantalum | 40 | 9.5 |22 %00 43,26 0.66,0.5
13 |Tantalum | 40 | 9.5 |32 360 N/A N/A
28  |Tantaluma [200 |16 + |28 %00 [26.2,3326,26.8,59,9145 [3,039,435,.69,.47
0.3 ND
“29  [Tancalum [200 [16 + |27 0 |4227,3045,8544,1106,942,]026,¢3,005,217,143,037,
_ 0.3 ND 22.6,36.6 .26
30 |Tancalum [200 |16 + |50 350 |26.9,13.4 -43,.26
0.3 ND
31  |Tanctalum |200 |16 + |34 370 |18.3 w17
0.3 ND _
32 |Tantalum [200 |16 + |29 360 N/A N/A
0.3 ND _ _
33  |Tantalum [200 |16 + |33 0 N/A N/A
0.3 ND _
%9  |Tantaluam |400 |16 + |32 400 N/A N/A
_ 0.3 ND _ _
50 Tantalum [400 16 + |21 360 N/A N/A
0.3 ND _
59  |Tanctalum |400 |16 + [24 390 N/A N/A
0.3 ND
8
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TABLE 1 (CONTINUED)
“TEST FILNM T |PRES.|TEMP,|  *BURNING TIME *FLAME ZONE WIDTH
NUMBER| METAL |[ASA] |NUMBER|{PSI]| [F] {ms ) (o)
14  |Pyrofusze %0 9.5 (21 350 (18.3,12.4,19.2 +33,0.17,0.39
1S  |Pyrofuze | 40 8 |33 %00 |93,49,30,56,49 0.82,0.63,.66,.4,0.66
34~ |Pyrofuze |200 |16 + |22 390 [24.5,42.7,53.1,48.8,79.3].86,.78,.78,.44,./8,.6
0.3 ND 62,7
35 |Pyrofuze (200 10 (40 370 [30.5,4548,15.9,97+6,67, [+43,478,.43,.78,.52,.43,
70.2,51.9,67 252,.69
SI_ |Pyrofuze [400 |16 + |46 350 N/a N/A
0.3 N
52 |Pyrofuze |400 |16 + 350 N/A N/A
0.3 ND _ _
53 |Pyrofuze (400 |16 + |21 390 N/A N/A
0.3 ND

* Each burning time was measured until onset of the supercooling event.
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Burning Time Measurement of Zirconium Particles
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Figure 5.
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Figure 7.
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C. Distribution Functions of Particle Size

The distribution functions of particle sizes of aluminum, magnesium,
zirconium, tantalum and pyrofuze as were measured by the quenching technique are
shown in Figure 9. The locations of the maxima of the various distribution
functions is similar, from 0.125 to 0,175 mm, but the tails are different. For
aluminum and magnesium the distribution functions have distinct maxima and the
greatest particles are about 0.55 mm, The distribution functions of tantalum and
pyrofuze have a long tails extending to a size of 1.85 mm. The distribution

function of zirconium is about the same as for aluminum and magnesium.
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D. Summary of Results of Burning Time and Particle Size

The summary of results of burning time and particle size measurements is

shown in Table 2.

BURNING TIME *tMpY PARTICLE SIZE | *DMPV

METAL LIMITS [ms] [ms] LIMITS [im] [um]
Aluminum 2-28 3.75 % .75 75 - 550 125 * 25
Magnesium 2-14 3.75 £ .75 75 = 530 175 £ 35
Zirconium 6.5-39.5 25 - 31 £ 1.5 75 - 450 125 + 25
Tantalum 9.5-91 246 - 50 £ 1.5 75 - 1850 125 + 25
Pyrofuze 12-97 30 - 50 + 1.5 75 - 1850 125 * 25

Table 2 Summary of Results

*MPV - Most Probable Value
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< IV. DISCUSSION 4

Y The distribution functions of burning time of aluminum and magnésium have- a _

distinct maximum for 3.75 ms. The longest burning time for aluminum was 26.5 ms
and the longest burning time for magnesium was 14 ms,
Prachukho et. al., [5] measured burning time of 1 ms for 90 im magnesium

particles in water vapor, pressure of 1 ATM and at ambient temperature of 1800°C,

o
»
-

Considering our different experimental conditions (about 175 m particles and

e

pressure of 1.5-2 ATM) and the fact that the burning time increases with the
pressure and particle size we can conclude agreement with our results (burning

"3 time of 3.75 ms). Ozerov et. al., [6] measured burning time of 18 ms in water-
vapor for 120 ym aluminum particles and burning time of 12 ms for 165 mn magnesium
';: particles in Prachukho's conditions and apparatus. These results are slightly *

longer than our burning time results but are longer chan.Prachukho's results

vy e
PR

- 4
as well, '

?? The distribution functions of burning time for zirconium, tantalum and S
s (
i; pyrofuze are more uniformly distributed over longer burning times than that of h
‘,_ 1

aluminum and magnesium, especially those of tantalum and pyrofuze where burning

KA

times as long as 95 ms were found., Published literature related to tantalum

LA A

and pyrofuze burning time was not found. Harrison [8] reported the same qualitive

o+
o

results about zirconium burning time. He suggested that in zirconium there is

L3

jé surface burning of the molten metal instead of burning taking place in the vapor e
g phase in magnesium (and aluminum)., We believe that we have the same behavior for

ii tantalum and pyrofuze combustion in steam.

% Nelson et, al., [7] and Leibovitz et. al., [3] measured burning time of l
; bigger zirconium and aluminum particles, respectively, by laser heating and found ;
-! much longer burning times in excess of 200 ms. We believe that the different i

A Ry

19
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heating technique and different particle size were responsible for such a long

g f
N X
L <
E burning times. x
o , L
}g Comparing the distribution functions of burning time to distribution E
s ;"_1
- "
'~ functions of particle size, though measured in two following sets of experiments ﬁ
o because of obvious reasons, one can conclude a statistical proportion between ﬂ
Ei burning time and particle size. We believe that for zirconium, tantalum and E
..n
"~ pyrofuze particles there are missing data for burning times shorter than 8 ms due
< to using small apertures during the experiments. The apertures were determined

according to the exposure range of the films, from one side, and the relatively

- intense illumination from big burning particles from the other side.
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